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Proper positioning of neurons is fundamental for brain functions. However, little is known on how adult-born neurons generated in the hilar side of hippocampal dentate gyrus migrate into the granular cell layer. Because class 3 Semaphorins (Sema3) are involved in dendritic growth of these newborn neurons, we examined whether they are essential for cell positioning. We disrupted Sema3 signaling by silencing neuropilin 1 (NRP1) or 2 (NRP2), the main receptors for Sema3A and Sema3F, in neural progenitors of adult mouse dentate gyrus. Silencing of NRP2, but not NRP1, affected cell positioning of adult newborn neurons. Glycogen synthase kinase-3␤ (GSK3␤) knockdown phenocopied this NRP2 silencing-mediated cell positioning defect, but did not affect dendritic growth. Furthermore, GSK3␤ is activated upon stimulation with Sema3F, and GSK3␤ overexpression rescued the cell positioning phenotypes seen in NRP2-deficient neurons. These results point to a new role for NRP2 in the positioning of neurons during adult hippocampal neurogenesis, acting via the GSK3␤ signaling pathway.
Precise cell positioning of migrating neurons during development is essential for the function of neurons, leading to proper wiring of neural circuitry. Although the functional implication of cell positioning in adult newborn neurons is still not well studied, migration of these newborn neurons has been reported. Newborn neurons in adult subventricular zone migrate a long distance through the rostral migratory stream to the olfactory bulb to become granule neurons and periglomerular neurons (1, 2) . However, newborn neurons in dentate gyrus (DG) 3 only migrate a short distance within the granule cell layer (GCL) (3) (4) (5) . Although these studies suggested the positioning of adult newborn neurons within the GCL to be important for their connection into the local circuitry with preexisting neurons, the significance and mechanisms of this short distance migration of granule cells within GCL are still largely unknown.
Several proteins involved in regulating adult neurogenesis were implicated in controlling the positioning of newborn granule cells in adult brain. These proteins include GABA receptors (6 -8) , Disrupted-In-Schizophrenia 1 (DISC1) (3, 9) , and NMDA receptor (10) , which affect the positioning of newborn neurons within GCL or influence newborn neurons to migrate out into the molecular layer. Although these proteins have been implicated in affecting the positioning of newborn granule cells in adult brains, the upstream and downstream signaling pathways and how these proteins are involved remain to be clarified.
Various intracellular signaling cascades were identified to be essential for neurons to find their correct positions during embryonic and early postnatal development. These include signaling pathways stimulated by extracellular guidance cues such as Reelin, Netrin, and Semaphorin (11) . Class 3 Semaphorins are well characterized in the developing nervous system (12) . The presence of class 3 Semaphorins and their receptors in the adult hippocampus also implied their importance in adult neuronal development (12) . However, the role of class 3 Semaphorins during adult neurogenesis in hippocampus is still largely unknown. We previously found that Sema3A and Sema3F mediate dendritic growth and branching of adult-born neurons (13) . Therefore, we asked whether Class 3 Semaphorin signaling regulates cell positioning of newborn neurons in the adult DG. Using retroviral birth-dating and shRNA knockdown approaches, we found that NRP2 but not NRP1 has a specific * This work was supported by Abbott Nutrition, the Academic Center of Excellence (ACE) research award from GlaxoSmithKline (GSK), and the National Research Foundation Singapore under its Competitive Research Program (Grant NRF 2008 NRF-CRP 002-082) (to E. L. K. G.). The authors declare that they have no conflicts of interest with the contents of this article. 1 influence on cell positioning of adult-born neurons in DG through GSK3␤.
Results

NRP2 Is Essential for Positioning of Adult Newborn Neurons in GCL-
We have previously shown that NRP1 and NRP2 regulate dendritic growth of adult-born neurons in the DG (13) . To investigate whether these Semaphorin receptors regulate cell positioning of adult-born neurons in DG, we stereotaxically injected retroviruses encoding for control or NRP1-or NRP2targeting short hairpin RNAs (shCTR, shNRP1 or shNRP2) into the hippocampus of 6-week-old mice and quantitatively assessed the cell positions of adult-born neurons in DG at 28 days post-infection (28 DPI).
Cell position analysis was carried out to determine the migration pattern of newborn neurons in the adult DG (5) . For this cell position analysis, DG was divided into three layers within the GCL (layers 1-3) and the molecular layer (layer 4) as described previously (5) ( Fig. 1A) . Neurons with the larger portion of their cell bodies positioned within a specific layer will be classified as residing within that particular layer. At 28 DPI, most of the control newborn neurons (shCTR) in the DG (ϳ90%) reside in the inner two-thirds of the GCL, (Fig. 1, B and C). Similar observations were also demonstrated in previous studies (3) (4) (5) . However, knocking down NRP2 resulted in newborn neurons residing farther into the GCL (60, 30, and 10% in layers 1-3 of the GCL, respectively) ( Fig. 1, B and C) . On the other hand, knocking down NRP1 does not affect cell position-ing ( Fig. 1C ). Hence, NRP2, but not NRP1, specifically influences cell positioning of adult-born neurons in the DG.
Time Course of NRP2-mediated Neuronal Positioning-We observed the mispositioning of NRP2 KD neurons at 28 DPI ( Fig. 1 ), but to investigate the temporal changes in neuron positioning during adult neurogenesis, we examined the cell positions of newborn neurons expressing shNRP2 or shCTR in vivo at earlier time points (5, 10, and 14 DPI). Time-course analysis indicated that at 5 DPI, all shCTR-and shNRP2-expressing neurons resided in the subgranular zone or inner granular layer (layer 1) ( Fig. 2A ). At 10 DPI, 70% of shNRP2-expressing cells are positioned in layer 1 of the GCL, whereas 30% are in layer 2 as compared with the 95 and 5%, respectively, seen in control cells (Fig. 2B ). The cell positions of both shCTR-expressing and shNRP2-expressing neurons did not appear to change significantly from 10 DPI to 14 DPI (Fig. 2C ). However, more cells were found farther into the GCL toward the molecular layer at 28 DPI (Fig. 1, B and C). Taken together, this time-course analysis showed that the cell positioning of newborn neurons in DG first occurred between 5 and 10 DPI and was likely to continue migrating slowly over time, at least until the last time point (28 DPI) that we examined.
To investigate whether the mispositioned neurons (located farther into the GCL) upon NRP2 knockdown are the results of enhanced neuronal maturation, we immunostained brain sections at 14 DPI with the immature neuronal marker, doublecortin (DCX) (Fig. 2D ). Similar to shCTR-expressing neurons, shNRP2-expressing mispositioned neurons are still DCX-pos- itive, (Fig. 2D ). These results indicated that NRP2 knockdownmediated cell positioning is not a consequence of enhanced maturation.
Stimulation of NRP2 by Sema3F Activates GSK3␤-GSK3␤ regulates many key events during neuronal development (14) and is involved in synaptic plasticity and cognitive functions (15) . GSK3␤ has also been shown to function downstream of Class 3 Semaphorin signaling (16 -18) Therefore, we first examined whether GSK3␤ is activated by NRP2 upon Sema3F stimulation in primary hippocampal neurons. The activity of GSK3␤ is negatively regulated by phosphorylation at Ser-9 (19, 20) . Hence, a decrease or increase, respectively, in phosphorylation at Ser-9 of GSK3␤ will indicate activation or inactivation of this protein. We found that Sema3F stimulation significantly decreases GSK3␤ Ser-9 phosphorylation by about 20% and hence activation of GSK3␤ (Fig. 3, A and B) . Sema3F treatment of primary hippocampal neurons did not affect the level of NRP2. Next, to determine whether this activation of GSK3␤ is dependent on the presence of NRP2, serine phosphorylation of GSK3␤ was examined in NRP2 knockdown cells. Serine 9 phosphorylation of GSK3␤ was increased (by ϳ2.8-fold) in NRP2 shRNA-expressing cells, confirming that GSK3␤ is the downstream molecule in Sema3F-NRP2 pathway ( Fig. 3 , C-E).
Knockdown of GSK3␤ Affects Cell Positioning of Newborn Neurons-To determine whether the mispositioning of shNRP2expressing neurons was regulated through GSK3␤, we first examined whether knockdown of GSK3␤ alone in newborn neurons will lead to a cell positioning defect similar to that observed in NRP2-silenced newborn neurons. Indeed, knockdown of GSK3␤ in newborn neurons phenocopies the NRP2-me-diated cell positioning defect. The shGSK3␤-expressing neurons migrated farther into the GCL toward the molecular layer as compared with the shCTR-expressing neurons (Fig. 3, F and G) .
We then investigated whether the shGSK3␤-mediated mispositioning of newborn neurons is a consequence of enhanced neuronal maturation. Similar to the mispositioned shNRP2expressing neurons, the mispositioned shGSK3␤-expressing neurons are still DCX-positive at 14 DPI ( Fig. 4A ). Both control and GSK3␤-silenced newborn neurons also show no significant differences in dendritic morphology as demonstrated by comparable total dendritic length ( Fig. 4B ) and total branch number ( Fig. 4C ) with the control cells. These results suggest that GSK3␤ possibly acts downstream of NRP2 specifically in regulating cell positioning but not dendritic growth.
NRP2 Mediates Cell Positioning but not Dendritic Growth through GSK3␤-To determine whether GSK3␤ is a downstream mediator of NRP2 signaling, we performed rescue experiments in shNRP2-expressing neurons by overexpressing human full-length GSK3␤. We co-injected retroviruses encoding shCTR or shNRP2 alone or together with retroviruses encoding mCherry (empty control vector) or mCherry-T2A-GSK3␤ (Fig. 5A ). Neurons expressing shCTR ϩ mCherry (blue bars in (shCTR ϩ mCherry) (blue bars in Fig. 5B ). However, GSK3␤ overexpression did not rescue dendritic growth defects in NRP2-silenced neurons (Fig. 5, C and D) . Therefore, GSK3␤ acts downstream of NRP2 specifically in regulating cell positioning of adult-born neurons.
Discussion
The present study shows that perturbation of NRP2 but not NRP1 signaling in adult-born neurons in DG induces ectopic positioning. The involvement of NRP2 or Sema3F in neuronal migration leading to correct cell positioning during embryonic development has been reported. Cells differentiated from the whole neocortical area are mostly confined to the surface of the telencephalon through ventral tangential migration in wild type embryo, but they spread over the deep medial region of the telencephalon in NRP2 and Sema3F mutant embryo (21) . Migration of ganglionic eminence cells is also regulated by Sema3F/NRP2 interactions in the developing neocortex (22) . NOVEMBER 25, 2016 • VOLUME 291 • NUMBER 48
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On the other hand, NRP1 silencing impaired radial migration of cortical neurons to cortical plate during embryonic development (23) . However, NRP1-silenced newborn neurons in adult DG show a decrease in total neurite length (13) but no changes in cell positioning (Fig. 1) . These contradictory observations on migration and cell positioning between embryonic and adultborn neurons with disrupted NRP1 signaling indicate regionspecific differences in cortex and hippocampus and distinct regulatory events at different developmental stages.
Protein expression and localization patterns were demonstrated to influence region specific-ligand binding as well as cell-and region-specific functions. For example, a chemokine, SDF1, and its receptor, CXCR4, play important roles in the tangential migration pathway of granule cells, likely through their specific complementary expression pattern, typical of chemokine and its receptor, in the target area for granule cell migration (24) . Class 3 Semaphorins and their receptors are also differentially expressed in different cell types and in distinct regions that are essential for their influence on specific cell migration patterns. During development, Class 3 Semaphorins and their receptors regulate the migrations of striatal and cortical interneurons. Migrating interneurons expressing NRP1 and NRP2 are directed to the cortex, but interneurons lacking these receptors migrate to the striatum (25) . The striatal cells express Sema3A and Sema3F, which may create an exclusion zone to prevent NRP1-and NRP2-expressing interneurons migrating into the striatum. In the adult brains, cells at entorhi-nal cortex express Sema3A, forming a Sema3A gradient in the outer two-thirds of the molecular layer that gradually declines toward the granule cell layers (26) . The granule cells in DG do not express detectable levels of Sema3A. However, Sema3F proteins are expressed in DG granular cells, hilus, and medial and lateral entorhinal cortex and in their axonal projection to the DG (27) . These differential expression patterns exhibited by Sema3A and Sema3F suggest possible differences in functions, including our observations demonstrating that Sema3F but not Sema3A signaling regulates the migration and cell positioning of adult newborn neurons through NRP2.
Newly generated neurons in adult DG are known to be functionally integrated into the pre-existing granule cell layer (28) . These newly generated neurons form functional synapses with entorhinal cortical projections as well as with pre-existing neurons in the CA3 area (29, 30) . Several proteins have been shown to be involved in the positioning of the DG newborn neurons, including DISC-1, phospholipase C-␤1, GABA A receptor and NMDA receptor (3, 6, 10) . However, it is still unclear how migration of newborn neurons in adult DG into different layers within GCL and into the molecular layer will affect their functions. Moreover, there is a distinct population of granule-like cells termed semilunar granule cells residing in the inner molecular layer that are normal and exhibit important functions (31) .
Although the relevance of the cell positioning of adult-born neurons and the physiological implications are largely unknown, a few recent studies demonstrated learning and memory functions possibly related to the positioning of these newborn neurons in the DG. DISC1 knockdown in adult-born neurons resulted in dendritic structural abnormalities, mispositioning of newborn neurons, as well as severe cognitive and affective deficits (9). Fitzsimons et al. (32) showed glucocorticoid receptor knockdown-induced abnormal dendritic complexity, ectopic positioning of newborn granular cells, and impaired memory consolidation for contextual fear conditioning. Phospholipase C-␤1 knock-out mice exhibited abnormal migration of adult-born neurons, and these mice showed a deficit in hippocampal dependent location recognition task (33) . Because the mispositioned neurons in these studies also exhibit other morphological defects, it is still unclear whether these memory deficits are attributed by the mispositioning phenotype alone and/or other morphological phenotypes such as dendritic defects. Therefore, having a suitable model system that affects one but not the other morphological phenotypes will be essential to determine the contribution from each of these phenotypes to specific functions of these adult newborn neurons.
As shown in the present study, GSK3␤ can be activated via NRP2 pathway. However, it is still unclear whether NRP2 can activate GSK3␤ directly or through other signaling pathways. GSK3␤ regulates a wide range of cellular events, largely due to its broad range of substrates. These substrates, including transcription factors such as cyclic AMP-response element-binding protein (CREB), SMAD1, and c-Jun, as well as kinases such as focal adhesion kinase (FAK), PI3K, and Cdk5, are known to regulate GSK3␤ activity (14, 34 -36) . We previously showed that NRP1 or NRP2 can activate FAK and Cdk5 pathways (13), 
but both pathways are not involved in NRP2-dependent cell positioning of newborn neurons in the adult brains (13) . Thus, it remains to be determined whether any other specific pathways or some unidentified kinases recruited to NRP2-Plexin at the cell membranes are directly involved in the activation of GSK3␤. Although our unpublished data 4 show that NRP1 stimulation by Sema3A can also activate GSK3␤, the knockdown of NRP1 did not affect neuronal cell positioning (13) .
Our results suggested that dendritic growth and cell positioning of adult-born neurons are regulated by distinct mechanisms. We reported that both NRP1 and NRP2 knockdown induce similar dendritic deficits (13), but only NRP2 knockdown disrupted cell positioning of adult-born neurons in the DG. GSK3␤ is specifically responsible for cell positioning but not dendritic development regulated by NRP2, indicating the existence of independent regulation of these two distinct processes. Future work will be required to determine how NRP1 and NRP2 utilize different downstream proteins and pathways to activate different processes, as well as functional analysis such as electrophysiology coupled with optogenetic approach to determine and map whether these mispositioned newborn neurons of normal dendritic arborization can integrate into the existing granule cell layer and make functional synapses that are comparable with those correctly positioned cells. Subsequent studies will have to determine how these distinct morphological defects contribute to different memory deficits.
In conclusion, we identified a new role for NRP2 in cell positioning of adult newborn neurons in the DG, acting via GSK3␤. NRP2 mediates GSK3␤-dependent neuronal positioning of newborn neurons in the adult neurogenic region, independent of its effect on dendritic development. This finding would contribute toward understanding the etiology of neuronal migration-related brain disorders.
Experimental Procedures
Animals-All animal procedures and applicable regulations of animal welfare were in accordance with Institutional Animal Care and Use Committee (IACUC) guidelines and approved by SingHealth IACUC, Singapore. Adult (5-6-week-old) female C57Bl/6 mice were purchased from the SingHealth Experimental Medicine Centre, Singapore, and housed in the Specific Pathogen Free animal facility at Duke-NUS Graduate Medical School, Singapore. The surgical and postsurgical procedures were performed as described previously (13, 37) .
Construction, Production, and Stereotaxic Injection of Engineered Retroviruses-Engineered self-inactivating murine retroviruses were used to express GFP specifically in proliferating cells and their progeny as described previously (13, 38) . GFP expression was under the control of EF1␣ promoter, and shRNA was co-expressed under the control of human U6 promoter in the same vector. shRNAs against mouse NRP1 or NRP2 and shRNA with scrambled control sequence were described previously (13) . shRNA against mouse GSK3␤ is CATGAAAGTTAGCAGAGAT (15) . Retroviral constructs encoding for human cDNA of GSK3␤ fused to mCherry via a T2A linker were driven by CAG promoter. Knockdown efficiencies of each shRNA were demonstrated in previous studies (13, 15) .
Cell Culture and Immunoblotting-HEK293T cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and were transfected with the indi- NOVEMBER 25, 2016 • VOLUME 291 • NUMBER 48 JOURNAL OF BIOLOGICAL CHEMISTRY 25093 cated plasmids using the calcium phosphate method. Hippocampal neurons were isolated from the hippocampi of embryonic rats from timed-mated Sprague-Dawley as described previously (39, 40) . The following primary antibodies were used for Western blotting analysis: rabbit anti-phospho-GSK3␤ (Ser-9) (Cell Signaling Technology, 1:1000), mouse anti-Tubulin (Sigma, 1:10000), and rabbit anti-GSK3␤ (Cell Signaling Technology, 1:1000). Goat anti-DCX (Santa Cruz Biotechnology, 1:500) antibody was used for immunohistochemistry.
NRP2-dependent Cell Positioning of Newborn Neurons
Confocal Imaging and Analysis-Coronal brain sections (40 m) prepared from viral injected mice were used for morphological analysis. Images were acquired on a Zeiss LSM 710 confocal system (Carl Zeiss, Singapore) and analyzed using Zeiss Zen software. Cell positioning of neurons in adult DG was analyzed according to previously published methods (3) (4) (5) . Specifically, granule cell layer was divided into three equal layers. Cells located within each layer were determined. Cells located on the border of two layers were classified according to the majority percentage of cell bodies in each layer. To prevent biased quantification, all counting and analysis were done blindly. The dendritic structure of newborn neurons was analyzed according to previously published methods (13, 37) . A total of 25-30 neurons from 4 -6 animals per experimental group were analyzed. Statistical significance (p Ͻ 0.05) was assessed using Student's t test between two groups. GraphPad Prism software was used for all statistical analyses. Statistical significance between three or more groups was analyzed using a one-way analysis of variance (ANOVA) with Newman-Keuls' post hoc tests. 
